A recirculating liver perfusion system was used to study the effects of dietary selenium (Se) on the hepatic secretion of verylow-density lipoprotein (VLDL). The perfusate from livers of rats fed on a Se-deficient diet incorporated about 50 % more [1-14C]oleic acid into triacylglycerol (TG) and cholesteryl esters (ChoEs) than did the perfusate from livers of rats fed on a Se-supplemented diet. Similarly, livers from rats fed the Se-deficient diet secreted more VLDL and incorporated about 60 % more [I-'4C]oleic acid into VLDL TG and ChoEs than did livers from rats fed the Se-supplemented diet. The liver perfusate from rats in the Se-deficient group also showed significantly decreased fatty acid oxidation. We conclude that Se is a potent modulator of lipoprotein metabolism. A primary action of Se deficiency appears to be a decrease in fatty acid oxidation and a stimulation of fatty acid esterification, leading to increased VLDL TG and ChoEs formation and secretion.
INTRODUCTION
The essential trace element selenium (Se) and vitamin E are micronutrients that play a major role in preventing lipid peroxidation in vivo. Se is an essential component of glutathione peroxidase [1] , a selenoenzyme that can reduce lipid hydroperoxide (or H202) to the corresponding alcohols (or water in the case of H202) [2] . Increasing evidence suggests that lipid peroxidation may be an important factor in the aetiology of atherosclerosis [3, 4] . In past experiments, we have observed that Fischer-344 rats fed on a cholesterol-free diet deficient in Se developed elevated levels of plasma total cholesterol [cholesteryl ester (ChoEs) plus cholesterol (Cho); TCho] and low-density lipoprotein (LDL)-TCho compared with age-matched rats fed on an identical diet but supplemented with Se [5] . Our previous data also indicated that this effect could be: (a) reversed by dietary Se repletion [5] , and (b) amplified by the addition of 1 % dietary cholesterol [6] . Moreover, the Fischer-344 rats fed the 1 % cholesterol diet deficient in both vitamin E and Se [the basal (B)+Cho diet] developed elevated levels of very-low-density lipoprotein (VLDL)-TCho compared with values obtained from rats fed identical diets supplemented with vitamin E alone (the B + E + Cho diet), with Se alone (the B + Se + Cho diet) or with both micronutrients (the B + E + Se + Cho diet) [6] .
Lipoprotein-TCho levels were previously measured in spontaneously hypertensive (SHR) rats and in normotensive WKY rats fed on the various diets [7] . SHR rats fed the diet deficient in Se alone (B + E + Cho diet) had increased (P < 0.05) levels of VLDL-TCho and LDL-TCho compared with corresponding values in age-matched SHR rats fed the B + E + Se + Cho diet. WKY rats fed the B + E + Cho diet also showed increased (P < 0.05) VLDL-TCho, but not LDL-TCho, levels when compared with values for WKY rats fed the B + E + Se + Cho diet. For these reasons, we have selected the SHR rat model to further define the role of Se in modulating lipoprotein metabolism. No differences in systolic blood pressure were observed between SHR rats fed the four experimental diets [7] .
In the experiments reported here, we explored the hypothesis that Se deficiency increases the hepatic synthesis and secretion of VLDL, the precursor of LDL. In particular, we measured the net hepatic synthesis of VLDL using the isolated rat liver perfusion system. SHR rats were fed 1 % cholesterol diets either supplemented with or deficient in Se. Livers from these animals were perfused in vitro and the incorporation of [1-14C] oleic acid into perfusate lipids, perfusate VLDL lipids and ketone bodies was measured. A preliminary account of this work has appeared [8] . EXPERIMENTAL 
Chemicals
All chemicals used were reagent grade. Oleic acid (99 % purity) was obtained from Nu-Chek-Prep, Elysian, MN, U.S.A. BSA (fraction V; powder; Sigma, St. Louis, MO, U.S.A.) was delipidated and purified as previously described [9] . Silica gel G plates (250 mm thick) were obtained from Analtech, Newark, DE, U.S.A. [1-14C] Oleic acid was purchased from New England Nuclear, Boston, MA, U.S.A.
Animals and diets
Male inbred SHR rats (4 weeks old; 40-50 g) were obtained from Charles River Breeding Laboratories, Wilmington, MA, U.S.A., and randomly divided into two dietary groups (six rats per group). The B + E + Cho group was fed on a Se-deficient diet (less than 0.03 p.p.m. of Se) containing 1.0% cholesterol and 50 mg of all-rac-a-tocopherol (1.00 units/mg)/kg of diet. This torula-yeast-based basal diet contained all other necessary nutrients as proposed by the National Research Council [10] . The B + E + Se + Cho group was fed a diet identical to that of the B + E + Cho group, but supplemented with 0.4 p.p.m. of Se in the form of sodium selenite. The diets were prepared in 2 kg batches every 3 weeks (or less) by slowly mixing the constituents to avoid heating, and were stored at 4°C in airtight plastic bags from which all possible air was excluded during closure. Glass Perfusion studies The rats were maintained on the experimental diets for 22 weeks. For experiments, rats were anaesthetized with an intraperitoneal injection of pentobarbital (60 mg/kg), and livers were surgically removed from fed rats between 08:00 and 10: 10 h and perfused in vitro using a recycling perfusion apparatus as described previously [11, 12] . Immediately before cannulation of the portal vein, 5 ml of blood was obtained from the abdominal aorta, and the plasma and erythrocytes were separated by centrifugation (15 600 g for 10 min).
The initial perfusion medium (80 ml) consisted of 25 % (v/v) bovine erythrocytes, 40 mg of BSA/ml and 1 mg of glucose/ml in Krebs-Henseleit bicarbonate buffer, pH 7.4 [12] . After a 20 min equilibration period, a 2.5 ml sample ofan albumin-oleate complex (containing 6 g of BSA, 1419 ,umol of oleic acid and 10 ,uCi of [1-14C]oleic acid per 100 ml of Ca2+-and Mg2+-free Krebs-Henseleit buffer) was added to the reservoir. About 3 min later (0 h of perfusion), 10 ml of perfusate was removed and analysed as detailed below. The complex was then pumped into the perfusion system at a constant rate of 11.7 ml/h. In this manner the perfusate concentration of non-esterified fatty acids (NEFA) remained constant (0.7 ,umol/ml), as did the specific radioactivity of the [l-4C]oleic acid. Samples of perfusate (10 ml) were also collected after 2 h and 4 h ofperfusion. The haematocrit of each perfusate was immediately determined and a 2 ml aliquot of perfusate was then added to a tube containing 2 ml of 15 % HC104. The tube was centrifuged at 1000 g for 15 min and a 70,1 aliquot of the resulting supernatant was used to estimate the conversion of [1-'4C]oleic acid into HCl14-soluble radioactivity, representing the ketone bodies (acetoacetate plus ,-hydroxybutyrate) and small amounts of citric acid cycle intermediates and acetylcamitine [13, 14] .
The remaining 8 ml of perfusate was centrifuged at 1000 g for 15 min and the resulting cell-free supernatant was used to determine the incorporation of [1-14C]oleic acid into newly synthesized lipids, which were extracted and isolated as detailed below. In addition, the 4 h cell-free perfusate was directly analysed for ChoEs [15] and triacylglycerol (TG) mass (Sigma Diagnostics Triglycerides no. 320-A). ChoEs was calculated as the difference between TCho (with cholesterol esterase in the assay) and free Cho (without cholesterol esterase in the assay). After 4 h the remainder of the perfusate was taken and the erythrocytes were removed by low-speed centrifugation. The VLDL secreted by the perfused liver, i.e. the perfusate VLDL, was isolated from the cell-free perfusate by ultracentrifugation as previously described [16, 17] . At the end of the perfusion, the liver was flushed with 50 ml of ice-cold 0.9 % NaCl, cleansed of any adherent extrahepatic tissue, blotted and weighed. A 0.5 g portion of liver was homogenized in 100 ml of ice-cold 1.15 % KCI for measurement of glutathione peroxidase activity. A 1.0 g liver sample was also homogenized in 6.5 ml of methanol (with 1 mg of butylated hydroxytoluene/ml), and the lipids were extracted, separated and analysed as detailed below. [19] , Cho, ChoEs [20] , PL [21] and TG were determined using the second duplicate plate. For each perfusion the specific radioactivity of perfusate NEFA (d.p.m. of '4C/#mol) was calculated (at each time point). The specific radioactivity was used to calculate the amount (,umol) of [1-_4C]oleic acid incorporated into a lipid class. The measured haematocrit at each time point was used to relate the radioactivity in a given volume of the cellfree perfusate to the total volume of perfusate. The protein content of VLDL was determined by a modification of the Lowry procedure [22] .
Glutathione peroxidase activity
Glutathione peroxidase is a selenoenzyme and its activity in the liver is a good measure of Se status [23] . Glutathione peroxidase activity was measured by the coupled method of Paglia & Valentine [24] using cumene hydroperoxide, a watersoluble organic hydroperoxide, as a substrate.
Statistics
Values are reported as means + S.E.M. The statistical significance of the data was determined using a two-tailed Student's t test. Table 2 show that SHR rats fed the Se-deficient diet had a lower hepatic glutathione peroxidase activity than rats fed the Se-supplemented diet. The hepatic glutathione peroxidase activity obtained for the Se-supplemented rats was similar to that previously observed in rats fed a standard laboratory diet (Rodent Laboratory Chow 5001; Ralston Purina Co., St. Louis, MO, U.S.A.) [23] . Hepatic levels of glutathione peroxidase activity correlate very well with hepatic levels of Se, as determined by neutron activation analyses [23] . The data in Table 2 demonstrate that the experimental diets produced the anticipated state of Se deficiency in rats fed the B + E + Cho diet.
The body and liver weights for rats in the B + E + Cho group were similar to the values observed for the B + E + Se + Cho group (Table 2) . Food consumption of rats in the B + E + Cho (59.5 + 1.2 g/day per kg body wt.) and B + E + Se + Cho (55.3 + 1.9 g/day per kg) groups was similar at week 22.
Incorporation of 11-_4Cloleic acid into perfusate lipids and VLDL lipids Table 3 shows the incorporation of [1-14C]oleic acid into the TG and ChoEs synthesized by the perfused livers and secreted into the perfusion medium. After both 2 h and 4 h of perfusion, livers from rats fed the Se-deficient diet showed about a 50 % Vol. 279 increase (P < 0.05) in the amount of [1-_4C] The molar relationships between the VLDL lipids for the B + E + Se + Cho and B + E + Cho groups were calculated from the data in Table 4 . Lower molar ratios of surface lipids (Cho or PL) to the core lipids (TG plus ChoEs) would be expected for larger VLDL particles. The Cho/TG + ChoEs ratio was 5.7 for the Se-deficient groups and 8.9 for the Se-supplemented group.
Similarly, the PL/TG + ChoEs ratio was 13.0 for the Se-deficient group and 18.1 for the Se-supplemented group. The lower molar ratio of surface lipids to core lipids found for the Se-deficient group suggests the presence of larger VLDL particles. The compositions (w/w) of perfusate VLDLs from the B + E + Cho and the B + E + Se + Cho rat livers are also shown in Table 4 . VLDL isolated from the B + E + Cho group perfusate was somewhat lower in PL, Cho and protein, but higher in TG content than VLDL isolated from the B + E + Se + Cho group perfusate.
Liver composition
Analyses of the liver lipids at the end of perfusions are provided in Table 5 . There were no significant differences in the hepatic lipid levels expressed as ,umol/g of liver for rats maintained on either the B + E + Cho or the B + E + Se + Cho [1-14C] oleic acid at the end of the perfusion experiment is also shown in Table 5 .
The amount of [1-_4C] [13, 14] . As shown in Table 3 , the acid-soluble radioactivity measured in the liver perfusates of rats fed the Se-deficient diet was decreased. A decreased ability of Se-deficient livers to oxidize fatty acids could shift the metabolic fate of incoming fatty acids more towards esterification and increased hepatic secretion of VLDL. This notion was not, however, supported by the data shown in Tables 3 and 4, which show that the total amount of [1-14C] [26] . Table 2 shows that Se deficiency resulted in a dramatic decrease in hepatic glutathione peroxidase activity, using a water-soluble organic hydroperoxide as a substrate. It is possible that lipid peroxidation in vivo caused by decreased glutathione peroxidase activity has damaged some mitochondrial components necessary for ,Boxidation. Carnitine palmitoyltransferase II is also located on the inner face of the mitochondrial inner membrane [27] , and oxidative damage to this enzyme could inhibit fl-oxidation of fatty acids.
Our experiments suggest that Se is a potent nutritional modulator of lipoprotein metabolism: the only difference between the B+E+Cho diet and the B+E+Se+Cho diet was 400,ug of Se/kg of diet. The relationship between dietary Se status and lipoprotein metabolism may conceivably be of importance in hyperlipoproteinaemia and atherogenesis. Although controversial, some epidemiological studies suggest that Se deficiency in humans is related to an increased incidence of coronary atherosclerosis [28] and ischaemic heart disease [29] .
